Bacteria are rapidly killed on copper surfaces, and copper ions released from the surface have been proposed to play a major role in the killing process. However, it has remained unclear whether contact of the bacteria with the copper surface is also an important factor. Using laser interference lithography, we engineered copper surfaces which were covered with a grid of an inert polymer which prevented contact of the bacteria with the surface. Using Enterococcus hirae as a model organism, we showed that the release of ionic copper from these modified surfaces was not significantly reduced. In contrast, killing of bacteria was strongly attenuated. When E. hirae cells were exposed to a solid iron surface, the loss of cell viability was the same as on glass. However, exposing cells to iron in the presence of 4 mM CuSO 4 led to complete killing in 100 min. These experiments suggest that contact killing proceeds by a mechanism whereby the metal-bacterial contact damages the cell envelope, which, in turn, makes the cells susceptible to further damage by copper ions.
T
he rapid killing of bacteria by solid copper surfaces has recently received much attention. In laboratory experiments, it had been shown that many bacterial species, such as Escherichia coli O157, Staphylococcus aureus, Salmonella enterica, Campylobacter jejuni, Clostridium difficile, Listeria monocytogenes, and Mycobacterium tuberculosis, are efficiently killed on copper or copper alloy surfaces (1) (2) (3) (4) (5) (6) (7) (8) . In contrast, on stainless steel, living cells could be recovered even after days. Copper and many copper alloys have consequently been registered at the U.S. Environmental Protection Agency as the first solid antimicrobial material. This has moved copper into the focus of infection control. Nosocomial infections are an increasing problem throughout the world and cost many lives (9) . A number of hospital trials in which rooms have been fitted with copper alloy door handles, bathroom fixtures, tabletops, etc., have been conducted or are ongoing (10) (11) (12) (13) (14) . They have shown that on copper surfaces, there is a substantial reduction of the microbial burden on a continuous basis. While further data are needed, it is clear that copper-containing materials can contribute to hospital hygiene, but they also lower the bacterial burden in other facilities where clean or aseptic working procedures are required (15) .
With the use of copper in hospitals and other facilities, it has become important to understand the mechanism of the so-called "contact killing" of bacteria, as it may bear on the possibility of the emergence of resistant organisms, on cleaning procedures, and on material and object engineering. From laboratory studies, it has emerged that bacteria on copper surfaces suffer rapid membrane damage and DNA degradation, in addition to other, less welldefined cell damage (16) (17) (18) (19) (20) (21) . The order in which these processes take place and which one is the primary killing mechanism remain issues of debate. In fact, the sequence of events may depend on the type of microorganism (18) . It is also clear that copper ions released from the surface play a role in contact killing, but bacterial copper resistance systems are not able to cope with the released copper (2, 22, 23) .
A question which has not yet been addressed in detail is the role of physical contact of bacteria with the copper surface in contact killing. We thus engineered special copper surfaces, so-called "contact arrays": copper surfaces were covered by an inert polymer into which arrays of holes less than 1 m in diameter were etched by a photolithographic process, using laser interference (24) . Enterococcus hirae was used as a model organism because Gram-positive organisms are frequent pathogens and the contact killing behavior of E. hirae had previously been studied (23) . Also, its robust cell wall helped to preserve the shape of the bacteria during electron microscopy. The holes in the contact arrays were smaller than E. hirae, so the grid effectively prevented contact of the bacteria with the copper surface. It was found that contact killing on these contact arrays was reduced by 7 orders of magnitude compared to copper coupons, while the release of ionic copper was not significantly altered. Metallic iron did not appear to be active in contact killing, unless copper ions were also present. These experiments demonstrate the importance of both copper ions and bacterial-metal contact for efficient contact killing.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Wild-type E. hirae ATCC 9790 was grown anaerobically (air-saturated medium was transferred to sealed tubes; these cultures became anaerobic after approximately 1 h) to stationary phase at 37°C in 10 ml of N medium (25) . Cells were centrifuged for 5 min at 5,000 ϫ g, washed twice with 20 ml of 100 mM Tris-Cl (pH 7), and resuspended in 10 ml of the same buffer. The average cell density was 2 ϫ 10 8 to 8 ϫ 10 8 CFU/ml. All handling of cells was performed aerobically.
Coupons and contact arrays. Control C1 copper coupons were 15-by 15-mm squares of highly polished (root mean square roughness Ͻ 50 nm), 99.99% pure copper and were cleaned by ultrasonication in chloroform and ethanol for 10 min each, followed by air drying. CA contact arrays were prepared by spin coating C1 coupons with cresol resin AZ 1518 (MicroChemicals GmbH, Ulm, Germany), diluted 1:4 with 2-methoxy-1-methylethylacetate, under clean-room conditions. Spin coating was conducted at 3,500 rpm for 60 s with a ramp of 3,000 rpm/s, resulting in an average film thickness of 1.74 Ϯ 0.05 m. Coated samples were immediately dried on a hot plate at 100°C for 60 s. Laser interference patterning (26) was accomplished by illumination with an Nd:YAG nanosecond laser (Quanta-Ray PRO210; frequency of 10 Hz) with one pulse (10 ns) at an average fluency of 33 mJ/cm 2 . Exposed coupons were developed with a boric acid-based solution (AZ 351 B; MicroChemicals GmbH) for 60 s, followed by rinsing with distilled water and drying in an ambient atmosphere. Control coupons (CL1) were developed similarly but without prior exposure. Iron coupons were of polished 98.3% Fe, 1.4% Mn, 0.17% C (DIN 5512-1) and were cleaned like the copper coupons. Following preparation and/or cleaning, all coupons used in this study were stored under nitrogen until use.
Measurement of contact killing. To assess contact killing, a wet plating technique was used essentially as described in reference 23. Briefly, 25-l volumes of cells suspended in 100 mM Tris-Cl were applied to plain or modified copper or iron coupons. Following incubation for various times in a water-saturated atmosphere, 20-l samples were withdrawn and serial dilutions in phosphate-buffered saline (PBS) were spread on N agar plates. Following growth for 24 h, survival was calculated from the CFU. Contact arrays with a porous surface were subjected to a reduced pressure of 2 kPa for 5 s right after application of cells to remove air from the pores.
Copper and iron determinations. Copper or iron release from coupons during wet-plating incubations was assessed by removing 20-l aliquots, diluting them 50-fold with 0.065% HNO 3 , and measuring the copper content by inductively coupled plasma atomic emission (ICP-AE) on a Jobin Yvon JY 24 instrument (HORIBA Jobin Yvon GmbH, Munich, Germany) at 324.754 nm.
SEM. Cells suspended in water at approximately 2 ϫ 10 8 cells/ml were applied to copper coupons or contact arrays and air dried. Scanning electron microscopy (SEM) images were acquired on a high-resolution dualbeam microscope (FE Strata DB 235) at 5 kV using the secondary electron detector (SED) mode.
RESULTS

Design of contact arrays.
Laser interference patterning is a tool to generate topographic surface patterns on micrometer and submicrometer scales (26) . We thus designed a microstructured polymer grid on top of a copper surface which would allow E. hirae cells to come close to the copper surface (Ͻ2 m) yet prevent direct bacterial-metal contact. To prepare such contact arrays, copper coupons were spin coated with a positive photoresist, which was then exposed by a short laser pulse to a specific light intensity distribution with a lateral spacing parameter of 770 nm. The utilized, unique intensity distribution was designed by splitting and recombining the initial laser beam in a three-beam laser interference setup. Highly exposed areas of the photoresist were removed by photographic development, resulting in a honeycomb-like pattern of holes which extended down to the copper surface ( Fig. 1) . Preparation of the contact arrays required the optimization of a number of parameters, such as resist viscosity, spin coating parameters, interference pattern, laser fluency, etc. These engineering aspects of the work are not further discussed here.
SEM analysis of bacteria on copper coupons and contact arrays. How bacteria are killed on copper surfaces is poorly understood. In particular, it remains unclear if contact killing mainly proceeds via dissolved copper ions and subsequent cellular damage or whether contact of bacteria with the copper surface is an important factor in the process. To discriminate between these two mechanistic aspects, the contact arrays described above were employed. As can be seen on the SEM pictures of Fig. 2 , E. hirae cells placed on CA contact arrays stayed largely on the polymer grid. Only a few cells found their way into the holes of the grid and were potentially able to make contact with the copper surface. The retention of cells by the grid was aided by cell dimers, which were predominantly present in the type of cultures used. For comparison, Fig. 3 shows SEM images of E. hirae spread on regular C1 copper coupons. On all coupons, the cells were often aggregated, but it remains unclear to what extent this was an artifact of air drying of the coupons before SEM. No chemical fixing or dehydration procedures were employed for SEM sample preparation due to the chemical sensitivity of the photoresist coatings of the contact arrays.
Contact killing on copper coupons and contact arrays. To assess contact killing of bacteria on C1 copper coupons and CA contact arrays, cell suspensions of E. hirae cells were used. Dry plating as first described by Espírito Santo et al. (22) on contact arrays was not feasible, as the spreading of cells with a cotton swab destroyed the fragile polymer structure. Thus, the wet-plating procedure of Molteni et al. (23) was employed. Control platings showed that there was essentially no contact killing by copper coupons coated with a continuous layer of photoresist, the starting material for the fabrication of the CA contact arrays; in fact, they were as inert as glass (Fig. 4A) . When the photoresist-coated copper coupons were photolithographically processed to generate the honeycomb-like grids with holes extending down to the copper surface, constituting the CA contact arrays, a surprising result was obtained: there was no significant contact killing (Fig. 4B) . Even after 3.5 h, cell survival was reduced only by 1 log (data not shown). In contrast, uncoated C1 copper coupons completely killed Ͼ10 6 bacteria in 30 min, in line with previous reports on contact killing of various bacterial species (e.g., see reference 19) . This suggested that curtailing bacterial-metal contact on the CA arrays effectively prevented contact killing. However, it remained to be shown that copper release was not impaired on the CA contact arrays.
Copper release by copper coupons and contact arrays. To test whether the lack of killing by CA contact arrays was due to reduced release of copper ions, copper release was measured. Figure  5 shows that the release of copper ions was not significantly different between C1 copper coupons and CA contact arrays. The concentrations of released copper in the aqueous phase after 30 min were 8.8 Ϯ 0.2 mM for C1 copper coupons and 7.9 Ϯ 1.8 mM for CA contact arrays; the difference between these values was not statistically significant. This clearly shows that the failure of CA contact arrays to support efficient contact killing was not due to reduced copper release; rather, it appeared that the inability of the bacteria to make contact with the copper surface prevented contact killing.
Contact killing on iron coupons. Iron and copper have similar redox potentials for the most oxidized ion couples, and both elements can catalyze Fenton chemistry (see Discussion). Thus, they both have the potential to damage cells, and it was of interest to test the activity of iron in contact killing. Surprisingly, contact killing by iron has never been investigated as far as we know. Figure 6 shows that there was insignificant contact killing of E. hirae over 300 min on iron. However, adding 4 mM CuSO 4 to the cells before plating on iron led to complete killing of 2 ϫ 10 7 cells in 100 min. The same copper concentration on glass also led to some killing, but this was orders of magnitude less than on iron: after 300 min, 10 4 CFU could still be recovered. The concentration dependence of the Cu-induced contact killing on iron could best be observed at 10 min, where survival was intermediate: survival decreased exponentially with increasing copper concentrations and reached zero at 10 mM CuSO 4 (Fig. 6, inset) . Under these conditions, there was still 73% survival on glass (data not shown). Thus, ionic copper and metallic iron acted synergistically to effect efficient contact killing of E. hirae. There was no adherence of bacteria to the iron coupons, as mechanical removal by vortexing with glass beads yielded the same results (not shown). Iron release from the coupons into the aqueous phase in the presence of cells at 100 min amounted to 5.5 Ϯ 2.8 mM in the absence of copper ions and 12.6 Ϯ 0.4 mM in the presence of 4 mM CuSO 4 . After 300 min, the respective values were 15.6 Ϯ 4.4 mM and 22.4 Ϯ 1.0 mM. However, iron is not very soluble under aerobic conditions at pH 7.5, and it must be assumed that most of the iron was present in the hydroxide form and that free Fe 3ϩ remained very low. In fact, the formation of a visible film on the surface of the aqueous phase could be observed. So iron release is unlikely to play a role in contact killing by metallic iron. Rather, our results suggest a mechanism of contact killing whereby the contact of the bacteria with solid iron or copper weakens the bacterial cell wall and/or membrane, which, in turn, renders the cells susceptible to damage by copper ions. In the absence of the toxic effects of ionic copper, damage to the cell envelope can presumably be repaired when the cells are returned to growth conditions.
DISCUSSION
We here report the following novel observations: (i) contact arrays with a polymer grid which prevents contact of the bacteria with the copper surface did not exhibit contact killing, (ii) the release of copper ions by these contact arrays was not impeded, and (iii) ionic copper elicited efficient contact killing on metallic iron. It has been shown in previous studies with Gram-positive and Gram-negative bacteria and yeast that membrane damage is a key event in contact killing (16, 17, (27) (28) (29) (30) . These findings combined with our observations support a hypothesis whereby bacterialmetal contact permeabilizes the cells, thus facilitating access of copper ions to cellular components. Intracellular copper ions, in turn, cause irreversible damage and cell death. This concept is strongly supported by the surprising observation reported here that E. hirae is efficiently killed by copper ions in the presence of metallic iron (Fig. 6 ). Iron has not been reported as a metal with contact killing activity.
Contact killing on copper is slower if bacteria are applied by the so-called wet inoculation technique, whereby a few microliters of a bacterial suspension are applied to metal coupons as a droplet (23) . In the alternative "dry" procedure, a bacterial suspension is mechanically spread on the metal surface, which allows the water to evaporate in a few seconds (22) . Of course there will still be cellular water and probably a significant film of water between the bacteria and the copper surface, allowing copper ions to migrate. But the forced, continuous contact of the bacteria with the copper surface may accelerate membrane damage as well as access of copper ions to the cell interior, which could explain the more rapid contact killing by dry versus wet inoculation. By either technique, the rate of release of copper ions from the metal surface is an important parameter, and a slower release reduces contact killing (23, 31) .
It is currently widely accepted that the mechanism of contact killing involves the following key steps: damage of the outer and/or inner bacterial membrane, accumulation of copper ions in the cell, and degradation of the bacterial DNA (32) . Inhibition of the respiratory chain by copper has been proposed as the primary event in contact killing of Staphylococcus aureus (21) . While this may be a factor in contact killing of respiring cells, such a mechanism obviously does not apply to nonrespiring bacteria, like E. hirae used in this study. The sequence of events leading to cell death may vary depending on the organism, but generally, DNA degradation is probably not the primary event (16-18, 20, 30) .
Two important questions in contact killing have so far remained open: (i) how do metals actively damage cells during contact killing, and (ii) what is the toxicity mechanism of copper ions in contact killing? Membrane damage has been reported repeatedly as a key initial event in contact killing. This was shown for several organisms and by a variety of techniques, including direct microscopic examination of cells (16, 30) using redox dyes like 5-cyano-2,3-ditolyl tetrazolium chloride or rhodamine 123 staining of respiring cells (4, 19, 20) , or by the Live/Dead staining technique, which combines the green fluorescent SYTO9 DNA dye, which is membrane permeative and stains all cells, with the red fluorescent dye propidium iodide, which enters only damaged cells and stains cellular DNA with an affinity higher than that of SYTO9, thereby changing the fluorescence of dead cells from green to red (20, 21, 28, 29) . However, how membrane damage occurs and how outer and/or inner membranes of bacteria are affected remains unclear. Our studies show that contact of bacteria with the metal surface may be a key event, and future studies should be aimed specifically at this process.
The toxic effect of copper ions on cells remains unclear. That the influx of copper ions into the cytoplasm is a key effector in contact killing is undisputed and is supported by several observations. First, it was found that cells preadapted to ionic copper and thus endowed with upregulated copper resistance mechanisms are more resistant to contact killing, while bacteria deficient in copper resistance systems are more readily killed on metallic copper (2, 22, 23) . Second, using various techniques, it was demonstrated for several bacterial and fungal species that large amounts of copper ions enter the cytoplasm (17, 29, 30) . With a cytoplasmic copper indicator, Coppersensor-1, Espírito Santo et al. estimated the cellular copper content in Staphylococcus at 2.6 ϫ 10 10 copper ions per cell after 5 min of contact with a dry copper surface (17) . Finally, copper chelators like bicinchoninic acid, bathocuproine disulfonate, and EDTA significantly inhibit or even prevent contact killing (20, 22) .
The toxicity of copper ions has generally been ascribed to its ability to catalyze Fenton chemistry according to reaction 1.
(1) Combined with the Haber-Weiss cycle (reactions 2 and 3), this reaction can provide a rich source of reactive oxygen species (ROS), particularly in lactic acid bacteria like E. hirae, which can produce large amounts of hydrogen peroxide (33, 34) . [Reaction 3 by itself has a negligible rate constant but is catalyzed by Cu(II) or Fe(III) complexes.]
ROS generated by these reactions can lead to irreversible damage of cellular components. ROS can also inhibit the respiratory chain or divert electrons from it, which leads to further ROS production. ROS generation and lipid peroxidation as a consequence of damage by copper ions were shown to occur in E. coli and Salmonella exposed to solid copper (18, 28) . A mutant strain with higher levels of unsaturated fatty acids and thus more sensitive to ROS exhibited an earlier rise in lipid peroxidation, higher sensitivity to contact killing, and an earlier onset of DNA degradation (28) . Evidence for oxidative damage was also apparent from the proteome of E. coli exposed to metallic copper by the increased presence of oxidatively modified proteins (35) .
The cytotoxic mechanism of copper ions in contact killing, which involves massive deposition of copper in cells, may be different from that in cultured bacteria, where only moderate amounts of copper enter the cells. It was shown that in culture, the primary toxic effect of copper on E. coli was the displacement of [4Fe-4S] clusters of dehydratases by copper ions (36) . Thus, the toxic principle under these conditions was intracellular Cu(I), rather than ROS and oxidative damage (37) . Attack of [4Fe-4S] clusters was also demonstrated for Ag(I), Hg(II), Cd(II), and Zn(II) at concentrations which were barely toxic to cell growth (38) . In line with a cytotoxicity mechanism based on iron-sulfur cluster attack, the cytotoxicity of ions followed their thiophilicity. To what extent iron-sulfur cluster attack plays a role in contact killing is not clear, but it is unlikely to be a key mechanism. For one, zinc, which has a high thiophilicity, displayed a death rate constant of contact killing which was less than 1/20 of that of copper or silver (39) , conceivably because it is not redox active (see below); mercury and cadmium were never tested for contact killing.
Of 21 metallic elements tested, copper and silver exhibited similar rates of contact killing, which were 5-to 10-fold higher than those of the other metals tested (iron was not tested [39] ). In fact, silver is well recognized as an antibacterial metal and is already in widespread use as an antibacterial agent, mainly in colloidal form (40) . What makes copper and silver so unique? Like copper, silver leads to the production of ROS in E. coli and Staphylococcus aureus, and the toxicity could be completely suppressed by the antioxidant N-acetylcysteine (41) . Gene expression analysis revealed upregulation of several antioxidant genes and the genes of a number of ion transporters, including the CopA copper/silver export ATPase (42) . Membrane damage in contact killing by silver remains to be demonstrated but is most likely to occur.
Based on current knowledge, it appears that two conditions must be met for a metal to be antimicrobial: (i) to have a redoxactive surface under ambient conditions and (ii) to release ions toxic to cells. Silver has a standard reduction potential of Ϫ0.8 V for the Ag/Ag ϩ couple, and copper has reduction potentials of Ϫ0.52 and Ϫ0.35 V for the redox couples Cu/Cu ϩ and Cu/Cu 2ϩ , respectively. These reduction potentials are in the range of biological reduction potentials, and it can be speculated that the redoxactive metals disturb the cellular redox chemistry or catalyze destructive reactions at the cell surface. Iron covers a range of redox potentials, namely, 0.41 V for Fe/Fe 2ϩ , 0.04 V for Fe/Fe 3ϩ , and Ϫ0.77 V for the Fe 2ϩ /Fe 3ϩ redox couple. The Fe 2ϩ /Fe 3ϩ redox potential is in the range of those of silver and copper, and it appears feasible that it is this redox chemistry that causes membrane damage. If copper ions are also present, they will effect the intracellular damage leading to contact killing.
Quantitative proteomic profiling lends support to membrane damage as a key event in contact killing. E. coli exposed to metallic copper had upregulated cell envelope and capsule polysaccharide biogenesis proteins (35) , indicative of stress on the microorganism's envelope (35) . Proteins involved in translation, ribosomal structure, and biogenesis functions, on the other hand, were downregulated. The changes typical of copper stress in solution, namely, upregulation of proteins involved in secondary metabolite biosynthesis, catabolism, and transport, including efflux proteins and multidrug resistance proteins, were not observed under contact killing conditions. Using atomic force microscopy, Nan et al. (43) showed that antibacterial steel (stainless steel containing 3.8% copper) destroyed the cell membrane and/or cell wall of bacteria and increased the permeability of the cells, while control steel left cells intact. They also observed loss of fluid and K ϩ from the cells on antibacterial steel, further supporting severe membrane damage. Interestingly, leakage was found to occur primarily at the cell poles, and the authors speculated that the preponderance of negatively charged cardiolipin at these locations enhanced copper binding (43) . They also demonstrated that the force of adhesion of bacteria to antibacterial stainless steel was considerably greater than to control steel, which could have been an effect of released Cu 2ϩ ions. These findings highlight novel aspects of contact killing which conceivably also apply to other antimicrobial surfaces.
The importance of bacterial-metal contact in contact killing is further supported by the observation that heavy soiling of a copper surface substantially reduced contact killing (44) . Furthermore, it was found that 76% of the bacteria isolated from Euro coins (25% Ni and 75% Cu, an alloy with pronounced antibacterial activity) were still susceptible to contact killing when retested on copper (45) . Presumably, these bacteria had survived on the coins due to soiling. Taken together, these and our findings lend strong support to a contact killing mechanism whereby bacteria initially suffer severe damage to the cell envelope upon contact with an antimicrobial metal surface, which, in turn, allows access of copper (or silver) ions to cellular components, where further damage ensues.
